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Abstract: Waterborne debris during storm surge events can impose significant impact loads and 
thereby cause severe damage to coastal structures. While several studies have characterized debris 
impact loads, very few studies have actually focused on the structural behavior and vulnerability of 
coastal structures, like bridges, subjected to such impacts. This study investigates the structural 
response of a case study bridge subjected to water-driven debris impacts and develops its associated 
fragility model during storm surge events. First, the hydrodynamic conditions at the bridge location 
are defined. Next, finite element models of the debris and a typical pier system of the case study 
bridge are developed and validated to compute the demands imposed on a column by the impact of the 
debris. An analysis of variance (ANOVA) is then conducted to study the influence of different 
parameters on the imposed demands. Finally, a statistical sampling method and logistic regression are 
used to derive a fragility model and assess the vulnerability of the case study bridge. The resulting 
fragility models can be used for rapid vulnerability assessment, evaluation of mitigation strategies, 
and to obtain key insights concerning the effects of each parameter on the probability of shear failure 
of a bridge column under debris impact. 
Keywords: Debris; Bridges; Hurricanes; Impact loads; Fragility; Sensitivity analysis; Finite element 
model. 
1 Introduction 
Waterborne debris during storm surge events can impose significant impact loads and thereby cause 
severe damage to coastal structures like bridges. These loads can lead not only to severe local 
structural damage but also to progressive collapse due to loss of support of the structure (Deng, Wang 
and Yu, 2016). For instance, during Hurricane Katrina different types of debris, including a barge and 
tug boat, impacted the eastbound I-10 Pascagoula River Bridge, leading to significant structural 
damage of piles, fascia girders and large transverse displacement (Padgett et al., 2008). Hence, proper 
characterization of the demands imposed on the impacted structural components is of vital importance 
for the design and vulnerability assessment of coastal infrastructure. Previous studies have focused on 
the impact loads caused by massive objects such as vessel (Davidson, 2010; Davidson and Getter, 
2010; Fan et al., 2011; Wang and Wang, 2015) and barge (Wardhana and Hadipriono, 2003; 
Davidson, 2010) collisions on bridges. However, more recently attention has been paid to the impact 
loads generated by shipping containers due to their broad presence in hurricane and tsunami-prone 
regions (Madurapperuma and Wijeyewickrema, 2013; Aghl et al., 2014; Aghl, Naito and Riggs, 
2015a, 2015b).  
Current design code (AASHTO, 2014) only considers vessel and barge collisions for bridge design 
purposes (Manuel et al., 2006). In the code, the risk of collapse of the bridge is evaluated using an 
empirical expression of the annual frequency of collapse. This expression was formulated based on a 
study of ship-to-ship collisions (Cowiconsult, 1987; Davidson and Consolazio, 2010). In an effort to 
consider barge impact scenarios in the probability of collapse, Davidson and Consolazio (2010) 
developed a revised probability of collapse expression for bridges subjected to such impact. In their 
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study, the probability that the bridge will collapse under barge collision was evaluated by varying 
different input parameters in each analysis that lead to different realizations of both the impact forces 
and the strengths of the bridge. However, the consideration of other types of collision events, such as 
the impact of debris, is still missing in the AASHTO code. On the other hand, ASCE/SEI 7-16 
(ASCE/SEI, 2016) requires the estimation of debris impact loads in regions where inundation depths 
are expected to exceed the specified minimum inundation depth (0.914 m). In particular, the site 
hazard assessment for shipping containers requires the calculation of a probable dispersion region 
prior to the evaluation of the impact force from the shipping container and the duration of the impact.  
In recent years, the characterization of the impact loads generated by shipping containers, as well 
as the duration of the impact has been a focus of study. Aghl et al. (2015b) conducted an experimental 
study to quantify the impact forces and durations from three different debris types: a full-scale wood 
utility pole, a 6.1 m steel tube and a standard International Organization for Standardization (ISO) 
shipping container. The results of the experiments were then used to validate a one-dimensional 
elastic impact model for the estimation of the peak impact force and duration. Ko et al. (2015) 
conducted hydraulic experiments on the impact loads generated on a column by the collision of a 1:5 
scaled shipping container. The authors found that the hydrodynamic effects showed an increase in the 
impact load duration compared to in-air tests and that the non-structural mass had a significant 
influence on the overall impulse on the column. To study the effect of nonstructural mass on debris 
impact demands, Aghl et al. (2015a) developed full-scale experiments and nonlinear finite element 
models on an empty and three different configurations of loaded shipping containers. Their results 
indicated that the inelastic response of the container limits the impact force at elevated impact 
velocities. A one-dimensional model was proposed to evaluate the peak impact force and duration 
generated from debris impact. However, the structural behavior and vulnerability of the structures 
subjected to the debris impact loads were not addressed in the above-mentioned studies. To overcome 
this drawback, Madurapperuma and Wijeyewickrema (2013) evaluated the response of two types of 
reinforced concrete (i.e. square and circular cross-section) columns under the impact of 20-ft (6.1 m) 
and 40-ft (12.2 m) ISO shipping containers. Finite element models for the 20-ft and 40-ft containers 
were developed and different container-column impact configurations for the square and circular 
cross-sectional columns were examined. In the analyses, columns exhibited severe local deformation 
followed by shear failure and subsequent loss of axial load carrying capacity. It was observed that the 
peak impact force imparted on the column was influenced by both the impact configuration and the 
cross-section of the column. The damage of the impacted column was evaluated with the use of a 
damage index, which represented the loss of the axial load carrying capacity of the column. So far, the 
probability of failure of the columns was not explicitly addressed. In this regard, Karafagka et al. 
(2018) developed analytical fragility curves which yield a probability of failure of columns as a 
function of inundation depth for a steel frame warehouse as well as different types of RC buildings 
subjected to tsunami forces. In the study, the waterborne debris impact force was computed as a static 
load using the FEMA P-646 equation (FEMA, 2012). The type of debris considered for the analysis 
was a lumber of wood. Thus, previous studies revealed the lack of adequate emphasis on the 
characterization of the structural response of bridges under debris impact load and subsequent 
computation of its probability of failure.   
This study aims to evaluate the structural behavior of a case study bridge subjected to water-driven 
debris impacts and develop fragility models to efficiently assess the vulnerability of the case study 
bridge to debris impacts during storm surge events. First, the numerical modeling of the debris and a 
typical pier system of the case study bridge is developed to compute the demands imposed on a 
column by the impact of a shipping container. The mode of failure consider herein is shear failure. An 
analysis of variance (ANOVA) is then conducted to study the influence of different modeling 
parameters on the imposed demands. Next, a statistical sampling method and logistic regression are 
used to derive fragility models for three performance levels and assess the vulnerability of the case 
study bridge. Finally, the effects of debris impact load on the structural performance and the 
probability of shear failure of the case study bridge column are discussed.  
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2 Numerical Modeling of Impact Loads on the Bridge Column 
Adequate estimation of the imposed demand on the case study bridge is first required to characterize 
the structural response of the column subjected to debris impact and to develop fragility models. The 
case study bridge considered in this paper for illustrating a method to derive impact fragility models 
corresponds to a typical multi-span simply supported (MSSS) concrete girder bridge located in the 
Houston-Galveston area (Fig. 1). Due to the broad observed presence of shipping containers in storm 
and tsunami-prone regions, a standard 20-ft ISO shipping container is selected as the impact object for 
the study. LS-Dyna (LSTC, 2015) is used to model the shipping container and a pier system of one of 
the main spans of the case study bridge. The pier system consists of two circular columns with a total 
height of 15.24 m connected by a 3 m-height stiffening beam at a height of 10.21 m from the ground. 




Fig. 1. Location of the case study bridge in the Houston-Galveston area 
The pier model consists of 333,921 nodes and 304,370 fully integrated S/R solid elements, with a 
constant mesh size of 0.05 m. Displacement and rotation degrees of freedom at the base of the 
columns are restrained (El-Tawil et al., 2005; Thilakarathna et al., 2010).  The self-contact of the pier 
elements is modeled using a TIED_NODES_TO_SURFACE CONTACT TYPE. The loads imposed 
by the two adjacent spans are placed as a uniform pressure on the top of the bent beam. As a first 
approximation to the problem, an elastic concrete material model is selected for the pier. It is 
acknowledged that relatively higher values of base shear will be estimated as opposed to a material 
that allows damage; however, in this study, this method is assumed to be conservative and future work 
will address this limitation. The 20-ft ISO shipping container has overall dimensions of 6.1 m long, 
2.4 m wide and 2.6 m high, and has a tare mass of 2100 kg. The model consists of 36.387 nodes and 
37,410 elements. The material MAT_PLASTIC_KINEMATIC is used for the shipping container with 
the following properties: 7800 kg/m
3
 for the steel mass density, Young’s modulus of 207 GPa, a 
Poisson’s ratio of 0.3, yield stress of 380 MPa, a tangent modulus of 1000 MPa and a failure strain of 
25%. The shipping container model is validated against experimental results from a series of full-scale 
in-air shipping container impacts tests (Piran Aghl et al., 2014; Bernier and Padgett, 2019). Further 
details of the modeling and design considerations are given in Bernier (2019). The contact between 
the pier and the shipping container is defined as an AUTOMATIC_SURFACE_TO_SURFACE 
contact type with a static coefficient of friction of 0.65 (Jrabbat and Russell, 1985). Fig. 2 shows the 























Fig. 2. LS-Dyna models of (a) pier system, (b) shipping container.   
3 Sensitivity Analysis 
An analysis of variance (ANOVA) is conducted to study the influence of different modeling 
parameters on the structural response of the column under the impact of the shipping container. Based 
on the work by Madurapperuma and Wijeyewickrema (2013), the engineering demand parameter 
(EDP) selected in the current study is the shear force on the base of the impacted columns. The null 
hypothesis implied in the ANOVA states that the mean values of the considered factors are equal, and 
the alternative hypothesis affirms that at least one of the mean values is different, and thus, relevant 
for the analysis (Walpole et al., 2012). A level of significance of 5% is adopted for the acceptance of 
the null hypothesis, hence, a p-value higher than this level implies the rejection of the alternative 
hypothesis. The selected factors for the analyses are (1) the surge height at the bridge location; (2) the 
concrete strength of the pier; (3) the impact configuration (Fig. 3);  (4) the mass and (5) the initial 
velocity of the container. 
The hydrodynamic conditions considered at the bridge location are based on two synthetic storms 
developed by the Federal Emergency Management Agency (FEMA), which produce water elevations 
corresponding to return periods of 100 and 500 years at the bridge location (FEMA, 2013). The surge 
heights considered in the analyses (5.12 m for the lower bound and 5.54 m for the upper bound, with 
respect to the bottom of the column) are then used to calculate the draft of the container and the 
respective impact heights for the FE analyses. The container impact velocities are calculated based on 
the FEMA (2011) design flood velocity equations, which provide a lower and an upper bound of flood 
velocity in coastal areas based on the design stillwater flood depth. The levels considered for the 
velocity factor correspond to (1) the upper bound of the 5.12 m flood depth, and to the (2) lower and 
(3) upper bounds of the 5.54 m flood depth. For the mass factor, two levels are chosen: (1) mass of the 
empty container (2100 kg), and (2) total mass considering both the mass of the empty container and a 
nonstructural mass of 2200 kg. The latter value is obtained from Madurapperuma and 
Wijeyewickrema (2013). To evaluate the influence of the material properties in the model, a normal 
distribution with a cov of 0.17 and a mean value of 25.29 MPa is adopted for the compressive strength 
of concrete (Ellingwood and Hwang, 1985; Ataei, 2013). Three different levels are considered for this 
factor, corresponding to the mean value, and the mean value plus and minus one standard deviation. 
The impact configurations correspond to the L3, T1 and C1 configurations in Madurapperuma and 
Wijeyewickrema (2013). These configurations were found by the authors to have the most significant 
influence in the peak impact load for circular columns (Fig. 3). Table 1 summarizes the proposed 
statistical experimental design. 
(a) (b) 
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Tab. 1. Statistical experimental design 
Factor Level 1 Level 2 Level 3 
Velocity*, m/s 5.54 7.09 7.37 
Mass, kg 2100 4300 - 
Surge height, m 5.12 5.54 - 
Compressive strength 
of concrete, MPa 
25.29 20.99 29.59 
Impact Configuration L3 T1 C1 
* Blocking parameter. 
 
The statistical software STATA (StataCorp, 2015) is used to conduct the sensitivity study. As the 
current study is based on numerical simulations, just one experimental unit was considered in each 
treatment. Table 2 shows the results of the analysis of variance, where a p-value less than 5% 
indicates the significance of the factor in the model. 
Tab. 2. p-value results for the analysis of variance (ANOVA) 
Factor p-value 
Velocity, m/s 0.001* 
Mass, kg 0.001* 
Surge height, m 0.000* 
Compressive strength 
of concrete, MPa 
0.1 
Impact Configuration 0.000* 
* p-value less than 0.05 
 
The ANOVA results show that the concrete strength of the pier does not have an influence on the 
shear demand generated at the base of the column. However, the surge height, the impact 
configuration, the velocity and the mass of the container show a significant effect on the shear 


















Fig. 3. Plan-view of the (a) L3, (b) T1, and (c) C1, impact configurations.    
4 Fragility Analysis 
In this study, a parameterized model is proposed to evaluate the fragility of the bridge under debris 
impact. The parameterized fragility model provides the probability of exceeding certain limit states of 
the structure as a function of an intensity measure of the hazard. To characterize the fragility of the 
system, a limit state function is defined as:  
(a) (b) (c) 
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𝑔𝑔𝑃𝑃𝑃𝑃 = 𝐶𝐶𝑃𝑃𝑃𝑃 −𝐷𝐷 (1) 
where 𝑔𝑔𝑃𝑃𝑃𝑃= limit state function for a given performance level, 𝐶𝐶𝑃𝑃𝑃𝑃= capacity of the column for a given 
performance level, and 𝐷𝐷 = demand imposed on the column by the impact of the shipping container. 
The system is considered to have failed when the limit state equation is below zero.  
4.1 Probabilistic demand model 
A Latin Hypercube Sampling (LHS) method is used to span the set of influencing debris impact 
parameter values required for the experimental design (McKay et al., 1972). Table 3 summarizes the 
ranges of the debris impact conditions considered in the analysis for the continuous variables.  For 
exploration purposes, the range of the surge height is rounded off to the nearest integer based on the 
range of hydrodynamic conditions discussed in the previous section. For the impact configuration 
(IC), a uniform probability distribution is assumed by assigning a probability of 1/3 to each 
configuration. The lower and upper bounds for the mass of the container correspond to 2100 kg (an 
empty container) and to the maximum gross weight of the shipping container (30,400 kg), 
respectively.  The initial velocity of the container is treated here as a dependent variable which varies 
as a function of the surge height. Therefore, for each sampled value of surge height, the range of the 
velocity of the container is computed using the lower and upper bounds of the FEMA (2011) design 
flood velocity equation. A total of 200 samples were generated using LHS, each one representing a 
specific debris impact condition.  
Tab. 3. Ranges of debris impact conditions for continuous variables 
Parameter Lower bound Upper bound Units 
Surge height (S) 5.00 6.00 m 
Mass (M) 2100 30,400 kg 
Debris velocity (V) 5.11 7.59 m 
4.2 Probabilistic capacity model 
The probabilistic shear capacity model developed by Sharma et al. (2015) is used in this study to 
estimate the capacity of the column under the impact of the shipping container. The authors proposed 
capacity models for reinforced concrete (RC) columns under vehicle collision for three different 
performance levels: (1) fully operational with no damage (P1); (2) operational structure with damage 
(P2); (3) collapse prevention (P3). These performance levels are associated with four damage levels 
(DL) that the column can experience due to the collision. With an increasing intensity of 1 to 4, these 
damage levels correspond to: (1) insignificant damage (D1); (2) minor spalling of concrete, yielding 
of longitudinal steel (D2); (3) significant cracking of concrete, spiral and longitudinal bar exposed, 
buckling of bars (D3); and (4) loss of axial load capacity, longitudinal bar fracture (D4) (Sharma, 
Gardoni and Hurlebaus, 2015). Performance levels P1, P2, and P3 are defined as the maximum shear 
capacity before D2, D3 and D4 start occurring, respectively.  The authors proposed a probabilistic 
model of shear capacity for each of the performance levels by incorporating correction terms with 
previously existing deterministic mechanical models, whose general form is shown in Eq. (2). 
ln[𝑣𝑣𝑃𝑃𝑃𝑃(𝑥𝑥, 𝜃𝜃𝑃𝑃𝑃𝑃)] =  ln[𝑣𝑣�𝑃𝑃𝑃𝑃(𝑥𝑥)]− 𝛾𝛾𝑃𝑃𝑃𝑃(𝑥𝑥, 𝜃𝜃𝑃𝑃𝑃𝑃) + 𝜎𝜎𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃𝑃𝑃 (2a) 
where 𝑣𝑣𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑃𝑃𝑃𝑃/𝑁𝑁𝐹𝐹𝑃𝑃𝑃𝑃 = normalized dynamic shear force capacity for performance levels 𝑃𝑃𝑃𝑃; 𝑉𝑉𝑃𝑃𝑃𝑃 =
 dynamic shear force capacity; 𝑁𝑁𝐹𝐹𝑃𝑃𝑃𝑃 = normalizing factor for dynamic shear force capacity to produce 
a dimensionless quantity;  𝑣𝑣�𝑃𝑃𝑃𝑃(𝑥𝑥) = normalized dynamic shear force capacity obtained from 
mechanical model 𝑉𝑉�𝑃𝑃𝑃𝑃, 𝛾𝛾𝑃𝑃𝑃𝑃(𝑥𝑥, 𝜃𝜃𝑃𝑃𝑃𝑃) = correction term for the bias inherent mechanical model defined 
as 𝛾𝛾𝑃𝑃𝑃𝑃(𝑥𝑥, 𝜃𝜃𝑃𝑃𝑃𝑃) =  ∑ 𝜃𝜃𝑃𝑃𝑃𝑃,𝑗𝑗ℎ𝑃𝑃𝑃𝑃,𝑗𝑗(𝑥𝑥)𝑘𝑘𝑃𝑃𝑃𝑃𝑗𝑗=1  (2b) 
where ℎ𝑃𝑃𝑃𝑃,𝑗𝑗(𝑥𝑥), 𝑗𝑗 = 1, … , 𝑘𝑘 = explanatory function defined as function of 𝑋𝑋, 𝜃𝜃𝑃𝑃𝑃𝑃,𝑗𝑗(𝑥𝑥), 𝑗𝑗 = 1, … , 𝑘𝑘𝑃𝑃𝑃𝑃, 
are the parameters associated with the explanatory functions, 𝜎𝜎𝑃𝑃𝑃𝑃𝑒𝑒𝑃𝑃𝑃𝑃 =  model error with zero mean 
and unit variance, 𝑒𝑒𝑃𝑃𝑃𝑃 = random variable with zero mean and unit variance, 𝜎𝜎𝑃𝑃𝑃𝑃 = standard deviation 
of the model error (Gardoni et al., 2002; Sharma et al., 2015). An exhaustive experimental design was 
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conducted using FE models by varying the parameters of the column as well as the vehicle within a 
realistic range. The coefficients, 𝜃𝜃𝑃𝑃𝑃𝑃,𝑗𝑗, of the proposed probabilistic models were obtained using the 
Bayesian model updating framework with the results of each numerical simulation. The framework 
yielded the mean vector and the covariance matrix of the coefficients, which incorporated model 
uncertainty. The probabilistic model proposed by Sharma et al. (2015) is, to the knowledge of the 
authors, the most adaptable to the current case study, since it considers: (1) the dependency of the 
structure capacity on the nature of the collision event (i.e. velocity and mass of the vehicle, relative 
stiffness of the bodies), (2) the influence of the dynamic shear action on the capacity of the column for 
large mass and high velocity impacting vehicles,  and (3) different performance levels for the 
estimation of the column shear capacity (Sharma, Gardoni and Hurlebaus, 2015). It is also 
noteworthy, that the range of the parameters used in this study for the structural characterization of the 
columns, as well as the intensity of the impact scenarios (mass and velocity of the container), 
coincides with the range of the parameters considered by Sharma et al. (2015) in the FE simulations 
and experimental design.  
4.3 Fragility model 
For each of the 200 parameter combinations of the LHS sample, 10,000 instances of shear capacity 
values are generated using the probabilistic model discussed in the previous section. Such a large 
number of shear capacity instances for a particular LHS sample is generated in order to obtain a 
reasonably good approximation of the distribution of the exact shear capacity. The probability of 
failure for the three performance levels is then computed using the shear demand for the 
corresponding LHS sample and evaluating the limit state function (Eq. (1)). The ratio of the number of 
instances of shear capacity falling short of the shear demand, to the total number of generated shear 
capacity instances (10,000), represents the probability of failure for a specific LHS sample.  The 
process is repeated for each LHS demand combination (200 samples varying S, M, V, and IC). In 
order to obtain failure probability as a mathematical function of the selected parameters used for 
generating LHS samples, the probability of failure is modeled as a logit function with S, M, V, and IC 
as its parameters as given by Eq. (3). The coefficients of the model are computed using 80% of the 
data as the training set. The obtained coefficients of the three performance level models are reported 
in Eq. (4). 𝑃𝑃(Failure|𝑆𝑆,𝑀𝑀,𝑉𝑉, 𝐼𝐼𝐶𝐶) =  11+exp(−𝑙𝑙(𝑆𝑆,𝑀𝑀,𝑉𝑉,𝐼𝐼𝐼𝐼)) (3) 
where 𝑙𝑙(∙) is a linear function given by Eq. (4) for the considered performance levels. The accuracy of 
each model is evaluated using the 20% remaining data labeled as the test set. Both the predicted 
outcome as well as true outcome are converted to a binary response by setting a hard threshold of 
50%, which means the outcome is 0 if the probability of failure is less than the threshold, else 1. The 
obtained accuracy on the test samples, for the models, are 100 %, 90%, and 100% respectively for the 
three performance levels P1, P2, and P3.  𝑙𝑙(𝑆𝑆,𝑀𝑀,𝑉𝑉, 𝐼𝐼𝐶𝐶)𝑃𝑃1 =  1.78 − 0.07𝑆𝑆 + 0.00013𝑀𝑀 + 0.085 𝑉𝑉 + 0.012𝐼𝐼𝐶𝐶 (4a) 𝑙𝑙(𝑆𝑆,𝑀𝑀,𝑉𝑉, 𝐼𝐼𝐶𝐶)𝑃𝑃2 =  −2.10 + 0.10𝑆𝑆+ 0.000035𝑀𝑀 + 0.23 𝑉𝑉 + 0.057𝐼𝐼𝐶𝐶 (4b) 𝑙𝑙(𝑆𝑆,𝑀𝑀,𝑉𝑉, 𝐼𝐼𝐶𝐶)𝑃𝑃3 =  −12.56− 0.10𝑆𝑆 + 0.00012𝑀𝑀 + 0.70 𝑉𝑉 + 0.23𝐼𝐼𝐶𝐶 (4b) 
The fragility models for the performance levels P1, P2, and P3 as a function of the total mass of the 
container (M) are presented in Fig. (4) for three different impact configurations. To generate the one-
dimensional fragility curve, the initial velocity of the container 𝑉𝑉 and the surge height 𝑆𝑆, are set 
constant with values of 6.35 m/s and 5.5 m respectively. For the three performance levels, Fig. (4) 
shows that as the mass of the container increases, the probability of failure also increases. On the other 
hand, the impact configuration shows a significant effect on performance levels 2 and 3, and a reduced 
effect on performance level 1. Impact configuration 3 produces the highest value of failure 
probability, followed by impact configuration 2 and then 1. For the performance levels P1, P2 and P3, 
Fig. (5) shows the fragility models as a function of the initial velocity of the container. For all three 
performance levels, as the velocity of the container increases higher values of probability of failure are 
obtained. An increment in the probability of failure is also observed for impact configuration 3 











Fig. 4. Debris impact fragility curves for performance levels (a) P1, (b) P2, and (c) P3; with V = 6.35 m/s and   









Fig. 5. Debris impact fragility curves for performance levels (a) P1, (b) P2, and (c) P3; with M = 14 Mg and S = 5.5 m. 
 
The increase in the probability of failure with increasing mass and velocity is expected since these two 
variables are directly related with the energy transmitted to the column by the impact of the shipping 
container and the duration of the impact. For impact configuration 3, stiff structural components of the 
shipping container resist its deformation during the impact, increasing the transferred energy to the 
column, and thus, leading to higher probabilities of failure. In the case of impact configuration 1, even 
though stiff components resist the deformation of the container, rotation is more likely to occur 
reducing the transmission of the energy (Madurapperuma and Wijeyewickrema, 2013). The relatively 
low probability of failure for the performance level 3 is expected for the range of debris impact 
parameters considered in the study. If larger values of debris impact conditions (S, M, V, and IC) are 
considered, an increase in the probability of failure associated with the performance level 3 would be 
expected. From the results of the analysis, it can be inferred that it is highly probable that the 
performance level 1 will be exceeded whereas it is much less probable for performance level 3 to be 
exceeded. The obtained fragility functions for all three performance levels can be used to compute the 
probability of failure of the column of the bridge considered in the present study for any combination 
of the four most sensitive parameters reported in Section 3.  
5 Conclusions 
In this study, existing gaps in the characterization of the structural response of bridges under debris 
impact load and the computation of its probability of failure are addressed. A case study bridge is used 
to illustrate a framework for the evaluation of the probability of failure of a column subjected to the 
impact of a standard 20-ft ISO shipping container during storm-surge events. The mode of failure 
considered was shear failure. First, finite element (FE) models of the debris and a typical pier system 
of the case study bridge were developed to compute the demands imposed on a column by the impact 
of the shipping container. The hydrodynamic conditions at the bridge location were defined using 
numerical simulations of synthetic storms in and around the Houston-Galveston area. Next, an 
analysis of variance (ANOVA) was conducted to identify the most important parameters on the 
imposed shear demand. Results showed that the initial velocity and mass of the container, impact 
configuration and surge height have and influence on the shear force demand generated at the base of 
the column.  Finally, a statistical sampling method and logistic regression were used to derive fragility 
models for three performance levels and assess the vulnerability of the case study bridge. The results 
indicated that the velocity and the mass of the shipping container had the strongest effect on the 
increase of the probability of failure of the column. The fragility models proposed can now be used for 
(a) (b) (c) 
(c) (b) (a) 
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rapid vulnerability assessment and evaluation of mitigation strategies under a range of reasonable 
debris impact conditions for the bridge study case. These models also provided key insights regarding 
the probability of exceeding three different performance levels. Results indicated that there is a high 
likelihood of exceeding the performance level 1, whereas the performance level 3 has significant low 
values of probability of exceedance for the study case considered.  As a first effort to characterize the 
fragility of bridges subjected to debris impact, this study will open the path for future research studies 
considering other types of debris, regional risk assessment and evaluation of a portfolio of bridges. 
Future work should also address additional complexities, such as the consideration of material 
nonlinearities in the FE models, system level response and vulnerability modeling of bridges subjected 
to debris, and the uncertainties associated with the structural and material characteristics in the 
fragility models. 
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